Forty-six beef heifers (16 to 23 mo) of two biological types (small = Red Poll-sired, large = Charolais-sired) were individually fed from d 90 of gestation through parturition to evaluate the effects of nutritional restriction on plasma LH and steroid hormone concentrations. Heifers were allotted to one of two nutritional treatments to achieve a BW reduction (loss, fed at 1% of BW/d) or to maintain initial BW (maintenance, fed 1.5% of BW/d) to parturition. Gonadotropin-releasing hormone (100 lag) was injected i.m. three times during gestation (d 130; d 200; d 270) and twice after parturition (d 1 to 14; d 23 to 36). Blood samples were collected at 20-min intervals after GnRH for 4 h. Maternal BW change from d 90 to parturition differed (P < .01) between loss and maintenance heifers. Mean plasma progesterone concentrations were greater (P < .05) at d 130 and 270 of gestation in small than in large heifers and were greater (P < .01) at d 23 to 36 postpartum in maintenance than in loss heifers. Mean concentrations of estrone and estradiol were greater (P < .05) in large than in small heifers at d 200 of gestation. Mean plasma LH concentrations following GnRH injection were greater (P < .01) in loss than in maintenance heifers at 200 and 270 d of gestation. Metabolizable and retained energy were related inversely to LH release during mid and late gestation. Change in body condition score from 90 to 270 d gestation and age of dam also accounted for a significant proportion of the variation in LH response to GnRH at d 270 of gestation. Although nutritional restriction during gestation increased pituitary LH release in response to GnRH prior to parturition, the increase was not related to changes in plasma progesterone or estrogen concentration. Intake and retention of energy during gestation appear to be related inversely to GnRH-induced LH release before parturition in beef heifers.
Introduction
Luteinizing hormone is important in maintenance of the bovine corpus luteum (Bazer and First, 1983) and in postpartum resumption of the estrous cycle (Wettemann, 1980) . Numerous factors, including nutritional restriction, steroid hormones and genetic differences, may modulate LH secretory mechanisms. Gonadotropin-releasing hormone receptor concentration and pituitary LH content influence pituitary LH release in the bovine (Schoenemann et al., 1985) . Beal et al. (1978) and Killen et al. (1989) found that undemutrition in cycling and prepartum heifers, respectively, enhanced GnRH-induced LH release; however, Entwistle and Oga (1977) found no effect of undemutrition on LH release in response to GnRH in postpartum cows. Pituitary gonadotropins and ovarian steroids interact to control the bovine estrous cycle and initiate postpartum estrous cyclicity (Wettemarm, 1980; Feder, 1981) . Although serum LH concentration during estrus differs between Hereford and Brahman heifers (Randel, 1976) , the relationship between biological type and secretion of LH has not been clearly defined (Griffin and Randel, 1977) . Effects of biological type and nutritional restriction during gestation on changes in plasma progesterone and estrogen concentrations concurrent with changes in LH have not been determined in periparturient beef heifers. The objectives of this study were to quantify differences in LH release in response to GnRH and in plasma progesterone, estrone and estradiol concentrations before and after parturition in nutritionally restricted beef heifers of two biological types.
Materials and Methods
Large (n = 34) and small (n = 32) mature size heifers (23 to 31 mo old) were the two biological types of cattle used in this study. large heifers were sired by Charolais bulls from either FI or straightbred dams (Angus, Hereford or Holstein). Small heifers were either sired by Red Poll bulls from F1 or straightbred dams (Angus, Hereford or Jersey) or were straightbred Angus (n = 1) or Hereford Ground sorghum, milo 9
Molasses 4 Premix (mineral, vitamin, NaC1) a 2 aTrace mineralized NaCI 25%, ground limestone 15%, dicalcittm phosphate 10%, ground milo 40%, vitamin A-D-E premix (A:2.2 x 10t); D: 1.1 x 106; E:2.2 x 103 IU/kg, respectively).
(n = 7). The heifers were allotted by BW to one of two sire groups (large to Charolais, small to Red Poll) at the Texas A&M University Agricultural Research Center, McGregor. A breeding soundness examination was used to screen yearling bulls prior to the breeding season (Sorensen, 1979) . During the 45-d breeding season the heifers had ad libitum access to the experimental diet (Table  1) . Estrus was determined by twice-daily observation of mounting activity and activation of heat mount detectors 8. Heifers that had not been detected in estrus during the first 4 d of breeding were injected (i.m.) with 25 mg prostaglandin F2ct(Lutalyse) 9 on the 5th d to synchronize estrus. Sixty heifers that had not been detected in estrus during the last 3 wk of the 45-d breeding season were individually fed (four heifers per pen, 6.1 m x 11.1 m) via a Calan-Broadbent electronic door system 10. At approximately d 90 of gestation, the heifers were allotted by BW and condition score to one of two feeding levels. Assigned daily feed intakes were 1% (loss) and 1.5% (maintenance) of BW to 220 d gestation and .8% (loss) and 1.5% (maintenance) of BW during the last 60 d of gestation. Height (measured at the hip), BW, BW:height (kg/cm) and condition score (1 = thin, 9 = fat, Wiltbank et al., 1962) were recorded every 28 d during gestation and within 24 h following parturition. After assignment to feeding treatment, pregnancy was confirmed by palpation per rectum. Ten heifers were not pregnant, and four heifers (two small maintenance, one large maintenance and one large loss) subsequently aborted. Data from these heifers were not included in any of the analyses. Forty-six heifers maintained pregnancy to term (23 large, 23 small, 25 BW loss and 21 maintenance). Heifers ranged from 23 to 31 mo of age at parturition (BW loss = 27.7 _+ .6 mo, maintenance = 25.7 _ .6 mo). Calves were kept with their dams and allowed to nurse ad libitum. All heifers were exposed to a Red Poll bull daily (one bull per 23 heifers) from parturition to 150 d after parturition.
The experimental diet (Table 1 ) was fed to all heifers at the designated levels during gestation, and heifers had ad libitum access to the diet following parturition. Based on calculated requirements (NRC, 1984) , the restriction of energy was greater than the restriction of protein for loss heifers during the last trimester of gestation (diet contained 46% and 70% of the calculated energy and protein requirements, respectively). For maintenance heifers, protein and energy intakes were sufficient for BW maintenance. Metabolizable energy and retained energy (RE) were calculated for 90 d to 190 d and for 90 d to 270 d gestation as described by Warrington et ,al. (1988 Warrington et al., 1988) . GnRH also was injected at d 1 to 14 and d 23 to 36 after parturition. Blood samples were collected via indwelling jugular cannulas immediately before GnRH and at 20-rain intervals for 4 h after GnRH administration. Samples were stored in heparinized tubes (100 IU) on ice until plasma was separated by centrifugation (within 12 h). Plasma was stored at -20"C until assayed for concentrations of LH, progesterone, estrone and estradiol.
Luteinizing hormone was quantified by a double antibody RIA described by Niswender et al. (1969) as modified by Forrest et al. (1980) , except that anti-bovine LH serum 12 (JJR-5) was used at a final dilution of 1:50,000 (Goiter et al., 1973) . Immunochemical grade bovine LH (LER-1072-2) 13 was used as the labeled antigen. Sensitivity of the assay was .20 ng (NIH-B-9) 14. Intraassay CV were 14% and 16%, and interassay CV were 21% and 11Beckman Synthetic Peptides, Palo Alto, CA. 17% for serum obtained from two ovariectomized cows, respectively. Mean LH (least squares means for average post-GnRH concen tration), area under the LH response curve (calculated using the trapezoidal rule) and peak LH (maximum concentration) were determined for each 4-h sampling period. Preinjection plasma LH concentration was determined in the sample collected immediately before GnRH administration.
Progesterone was quantified in samples collected at 1-h intervals by RIA (Moseley et al., 1979) . The antiserum (GDN-337) 15 was used at a final dilution of 1:2,500. Extraction efficiency ranged from 80% to 90%, and sensitivity was .075 ng/tube. Intra-and interassay CV were 9% and 16% for serum from a diestrous cow and 18% and 28% from a prepartum cow, respectively. Mean and peak progesterone concentrations (ng/ml) were determined for each 4-h sampling period. Preinjection plasma progesterone concentration was determined in the sample collected immediately before GnRH administration.
Plasma estrone and estradiol concentrations were quantified, following chromatographic separation, in samples collected at 2-h intervals. The RIA for estrone (Forrest et al., 1981) used the anti-estrone serum (GDN-325) 15 at a final dilution of 1:6,000. The estradiol RIA was described by Moseley et al. (1979) , and the anti-estradiol serum (GDN-244) 15 characterized by Korenman et al. (1974) was used at a final dilution of 1:60,000. Recovery of radiolabeled estrone and estradiol following extraction and chromatography averaged 76% and 72%, respectively. Sensitivity was 2 pg/ml plasma for both estrone and estradiol. Intraassay CV (6% and 10%) and interassay CV (13% and 23%) for estrone and estradiol assays, respectively, were determined for plasma obtained from a cow during the last trimester of gestation.
General Linear Models procedures (SAS, 1985) were used to determine the effects of biological type and nutrient restriction on mean plasma LH, progesterone, estrone and estradiol concentrations within sampling period, and the CORR procedure was used to determine correlation coefficients among hormones. The REPEATED option in the GLM procedure was used to analyze time of sampling interaction with main effects. Hormone data from 46 (23 large, 23 small; 25 loss, 21 maintenance) heifers were analyzed for d 130 and d 200 of gestation. Hormone data from 36 heifers were analyzed for d 270 (five heifers in each feed level group were not sampled due to scheduling problems). Hormone data from 41 heifers (five heifers suffered perinatal calf losses) were used in the postpartum analyses.
The Stepwise procedure (SAS, 1985) was used to determine the variability in the LH release variables that could be attributed to nutritional effects and age of dam x sampling period. Dam age (])AGE) at parturition and calf sex were tested as covariates. DAGE was a significant (P < .10) covariate and was included in all models, including those generating means.
Results and Discussion
Mean BW, condition score and BW:height were 368 __. 7 kg, 5.5 + .2 units and 3.1 + .1 kg/cm for small heifers (n = 32) and 412 + 11 kg, 5.5 + .1 units and 3.3 + .1 kg/cm for large heifers (n = 34) at the start of the breeding ;;i'---SMALL *P<.05 . _-.
. season. Mean BW, condition score and BW: height at the start of the breeding season for the 46 heifers that subsequently calved were 402 + 10 kg, 5.6 + .1 units and 3.3 + .1 kg/cm for BW loss and 375 + 8 kg, 5.4 +. 1 units and 3.1 + .1 kg/cm for maintenance heifers, respectively. The loss of 14 heifers (nonpregnant) from the study after feeding treatment assignment lead to disparate means at 90 d gestation. At approximately 90 d gestation when the feeding treatments were imposed (October, Figure 1 ), small heifers weighed less (P < .05; 408 • 9 vs 434 + 9 kg) and had a higher average condition score (P < .01; 6.1 + .1 vs 5.8 _+ .1 units) than large heifers. Heifers assigned to the loss group began the study at d 90 of gestation with greater (P < .01) BW (442 + 9 vs 401 + 9 kg), condition score (6.1 -t-.1 vs 20 5.8 +. 1 units) and BW:height (3.6 +. 1 vs 3.3 _+ .1 kg/cm) than heifers assigned to the ~ 15 maintenance group. Biological type also influenced BW and condition score. Large heifers =~ weighed more (P < .05) than small heifers at ~. lo
.J the end of the first and second trimester and = small heifers had greater (P < .01) condition < scores than large heifers at the end of the first ~ 5 and third trimesters of gestation (Figure 1) . Energy reserves (condition score) and BW did 0 not decrease significantly until the last trimester of gestation, when additional feed restric-~" 30-
I
tion was imposed on the loss heifers. Body weight changes were greatest in the =~ last trimester of gestation (loss, -18%; mainte-= 20
..I nance, -7%) and reflected BW change due to expulsion of the conceptus. Heifers in loss and < maintenance groups began the study with ~ l o condition scores of 6.1 and 5.8 units, which were maintained through d 190 (5.8 and 5.6 o units). The impact on stored energy was primarily limited to the last trimester of = 3000 gestation, and condition scores at d 270 .~ differed (P < .01) for loss (4.4) and maintenance (5.0) groups. Mean condition score of ~ 2000 loss heifers decreased by 33% from d 90 to calving (6.1 to 4.1 units), and condition score < of maintenance heifers decreased by 16% (5.8 [ 10oo to 4.9 units).
"r
Four calves died within 24 h of birth, and o one calf was euthanatized due to an injury at birth (loss group, n = 3; maintenance group, n = 2). After parturition, aii heifers had ad libitum access to feed, and heifers in the loss group increased rapidly in condition score (Figure 1 ). Although loss heifers in the present study were below a recommended (Dziuk and Bellows, 1983 ) condition score of 5 at calving (4.1), loss heifers attained condition scores similar to those of maintenance heifers by 1 mo after parturition (4.8 and 5.1 units, respectively). Pregnancy rates for the primiparous heifers did not differ between loss (92%) and maintenance (95%) groups. Neither feeding treatment, biological type nor their interaction affected (P > .10) mean interval between first and second parturition (345.9 + 3.7 d). Loss heifers had lighter (P < .05) calves at birth than maintenance heifers (27.3 vs 30.3 kg, respectively, Warrington et al., 1988) . Biological type did not affect the pituitary gland response to GnRH injection during any period (data not shown). Preinjection plasma LH concentrations were similar between feeding levels and biological types. Mean and peak LH concentrations and LH area over all periods for each feed level are shown in Figure  2 . Mean LH concentration and LH area were greater for heifers fed to lose weight in prepartum measurements at d 130 (P < .113), d 200 and 270 (P < .01), and peak LH was greater at d 200 (P < .05) and 270 (P < .01) than for maintenance heifers. Mean LH was significantly correlated with both peak LH and LH area over all periods (r ranged from .92 to .99). The increased response to GnRH in nutritionally restricted heifers may be due to either an increase in pituitary LH content or to an evaluation in number of receptors for GnRH (Schoenemann et al., 1985) . Mean LH response to GnRH after parturition was not affected by nutritional restriction (Figure 2) . However, Killen et al. (1989) reported that GnRH-induced LH release after parturition was greater in heifers that gained than in heifers that maintained BW during gestation.
The LH response to GnRH was modeled with regression analysis (stepwise) at 200 and 270 d gestation. Maximum R 2 values at d 200 were obtained by including three independent variables in the equations:
LH mean = 47.29 -.15 ME -.06 RE -.91 DAGE (R 2 = .20, P < .05) LH peak = 100.66 -.33 ME -.16 RE -1.89 DAGE (R 2 = .17, P < .05) LH area = 11229 -35 ME -15 RE -217 DAGE (R 2 = .20, P < .05) where ME = Table 2 . The inclusion of DAGE as a covariate enhanced the separation of feeding treatment means for LH variables at d 200 and d 270. Our interpretation is that older heifers had larger energy and protein stores to draw on as metabolic demands increased throughout pregnancy.
The increase in number of independent variables in regression models between d 200 and 270 indicates that changes in BW and condition score explained more of the variability in the pituitary gland response during the third than during the second trimester of gestation. Whereas energy intake was a significant factor in LH release at d 200, retrieval of available stored energy became more important in late gestation, which presumably reflects the increased nutrient requirements of the developing fetus and changes in heifer maintenance aAfter 100-~tg injection GnRH; ME = Kcal/kg.75.d-1, RE = retained energy (Kcal/kg -75 .d-~), CC = change in condition score (1 = thin, 9 = fat) from 90d gestation, WC = BW change from 90d gestation, CS = condition score at 270 d gestation, DAGE = dam age at parturition. requirements (Warrington et al., 1988) . Increased GnRH-induced LH release in loss vs maintenance heifers occurred at d 200 when BW and condition score did not yet differ between loss and maintenance heifers. These data, in combination with results from regression analysis, suggest that the mechanisms involved in modulating LH release may be influenced by changes in nutritional state during gestation (BW and condition score gain or loss) in addition to the influence of BW and condition score at parturition. Results of this study are in agreement with the data reported by Killen et al. (1989) and indicate that the pituitary gland was more responsive to GnRH during gestation when the heifers were in negative energy balance.
The greater (P < .01) BW loss from 90 d gestation to parturition in loss than in maintenance heifers (Figure 1 ) did not affect progesterone, estrone or estradiol concentration (Figure 3) , with the exception of a higher (P < ,05) mean progesterone concentration in maintenance vs loss heifers (.18 vs .11 ng/ml) at d 23 to 36 after parturition. Because biological type did not affect LH release, the differences in plasma progesterone concentration between biological types at d 130 and 270 ( Figure 3) were not sufficient to influence the GnRHinduced LH release. In addition, the differences in GnRH-induced LH release due to feeding level occurred without concurrent effects on plasma concentrations of progesterone, estrone or estradiol. Perhaps the level of energy restriction necessary to affect plasma progesterone, estrone or estradiol concentrations during gestation is greater than the restriction necessary to influence pituitary release of LH. Mobley et al. (1983) reported that BW losses of 4 to 11% were sufficient to suppress plasma progesterone and estrone concentrations in gestating cows. In the present study, loss heifers had a higher mean condition score (5.8 units) at 190 d gestation than heifers in the BW-loss treatments (5.0 units) at 180 d gestation in the study of Mobley et al. (1983) . Mean condition score near parturition for BWloss treatments in both studies was 4.4, indicating that more energy may have been available to loss heifers in late gestation in our study than in theirs.
Within period, neither mean estrone nor mean estradiol concentration differed with feed level. Both mean estrone and estradiol concentrations were greater (P < .05) in large than in small heifers at d 200. There was a positive simple correlation (P < .01) between estrone and estradiol concentrations (r = .76 to .97) averaged across all times studied. Mobley et al. (1983) reported that estradiol and estrone sulfate concentrations were elevated, whereas estrone concentration was depressed in BWloss treatments. In contrast, Corah et al. (1974) reported no difference in mean estradiol concentration between energy-restricted and control heifers. The lack of concurrent effects on LH release and steroid hormone concentrations does not support the hypothesis that the effects of prepartum energy restriction on GnRH-induced LH release are mediated via progesterone, estrone or estradiol during gestation.
The increased LH release in nutritionally restricted gestating heifers is consistent with results in the estrous cycling heifer (Beal et al., 1978) , postpartum cow (Waiters et al., 1982) and ovarir cow (Beal et al., 1978; Procknor, 1985) . Perhaps the lack of steroid hormone influence on LH release in the present study was due to the elevated concentrations of progesterone and estrogen during pregnancy. If the threshold concentrations of steroid hormones that are necessary for feedback on gonadotropin secretion in the estrous cycling cow (Hansel and Convey, 1983) are surpassed early in gestation, perhaps the feedback relationships may not be evident in the presence of elevated steroid hormone to LH ratios. Procknor (1985) proposed that the central nervous system may have a greater influence on regulation of reproductive function than control by gonadal hormone feedback. Thus, the effects of nutritional state on pituitary synthesis and(or) secretion of LH may be mediated through the hypothalamus by stimulating or inhibiting secretion of GnRH.
Implications
Available energy is an important component in mediation of GnRH-induced LH release during pregnancy. Energy reserves become more important when late gestational demands exceed available energy and deplete stored energy. Age at parturition affects the ability of the heifer to meet the energy demands of late pregnancy without altering the release of LH from the pituitary gland. With the practice of calving at 2 yr of age, gestational nutrition must be adequate to meet the demands of growth and reproduction, or LH release will be compromised. Available and stored energy are important components in mediation of nutritional effects on LH release during the last two trimesters of gestation in the heifer.
